In the evolution of primates, the common marmoset belongs to the new world monkey family and is distinct from the great ape family (which includes humans). In this study, we predicted the amino acid sequences of 30 immunity-related genes from the common marmoset and compared them with those from human and mouse. The domain composition of each orthologous protein was analyzed by the SMART tool and was found to be the same among the three species. A BLAST search revealed that the common marmoset and human proteins were 86% identical on average, whereas the conservation between the common marmoset and mouse or between the human and mouse was only 60%. This indicates that the common marmoset and human proteins are closely related and are similarly divergent from the mouse. We divided the 30 proteins into two categories based on the degree of conservation between the common marmoset and mouse amino acid sequences. One group included 19 proteins and had a relatively high level of conservation (68% identical), whereas the other 11 proteins were less conserved (45% identical). This suggests that these immunity-related genes do not evolve at a uniform rate. Interestingly, however, ligand/receptor pairs such as interleukin-6 and interleukin-6 receptor appear to have evolved simultaneously. common marmoset; evolution; immunity-related genes; orthologues; cDNA.
In the evolution of primates, the common marmoset belongs to the new world monkey family and is distinct from the great ape family (which includes humans). In this study, we predicted the amino acid sequences of 30 immunity-related genes from the common marmoset and compared them with those from human and mouse. The domain composition of each orthologous protein was analyzed by the SMART tool and was found to be the same among the three species. A BLAST search revealed that the common marmoset and human proteins were 86% identical on average, whereas the conservation between the common marmoset and mouse or between the human and mouse was only 60%. This indicates that the common marmoset and human proteins are closely related and are similarly divergent from the mouse. We divided the 30 proteins into two categories based on the degree of conservation between the common marmoset and mouse amino acid sequences. One group included 19 proteins and had a relatively high level of conservation (68% identical), whereas the other 11 proteins were less conserved (45% identical). This suggests that these immunity-related genes do not evolve at a uniform rate. Interestingly, however, ligand/receptor pairs such as interleukin-6 and interleukin-6 receptor appear to have evolved simultaneously. common marmoset; evolution; immunity-related genes; orthologues; cDNA. From an evolutionary standpoint of primates, the common marmoset appears to occupy a unique position because it is a new world monkey, distinct from humans and chimpanzees. However, both the common marmoset and human belong to the same anthropoidea suborder of primates. At the upper level, primates (common marmoset and human) constitute one order distinct from that of rodents (mouse). Thus, common marmoset is expected to serve as a milestone to evaluate an evolutional distance of immunity between human and mouse. To gain an insight in such comparative immunology, we have identified and sequenced 30 prominent immunity-related C. jacchus genes. We have compared the predicted amino acid sequence of these genes in the common marmoset with those of mouse and human and discuss their evolutional significance.
MATERIALS AND METHODS

RNA isolation
The thymus and spleen of C. jacchus was homogenized in Trizol reagent (Invitrogen Carlsbad, CA, USA), and RNA was extracted with chloroform. The RNA in the aqueous phase was precipitated with isopropanol and washed with ethanol. The RNA pellet was dissolved in RNase-free water and treated with RQ1 RNase-free DNase. The RNA was then mixed with phenol/ chloroform and recovered by ethanol precipitation. The pellet was resuspended in RNase-free water.
cDNA synthesis and sequencing cDNA was synthesized from 5 μ g RNA using the Super Script First-Strand Synthesis System (Invitrogen). PCR was performed using LA-Taq polymerase (Takara Ohtsu) and 100 ng cDNA as a template. Each reaction consisted of 30 cycles. Every cycle contained a denaturation step at 94°C for 30 sec, an annealing step at an appropriate temperature (45 to 72°C) for 60 sec and an extension step at 72°C for 60 sec. The sequences of the forward and reverse primers used are listed in Supplementary Table 1 . These primers were designed in regions where a high degree of homology between the human and mouse sequences exist. Each PCR product was run on an agarose gel and a band of the correct size was extracted from the gel and cloned in a pGEM-T vecIn experimental immunology, the mouse is an outstanding laboratory model organism for a variety of reasons. Mice, like humans, are mammals and therefore observations obtained in mice can be extrapolated to humans. Moreover, several genetically identical mouse strains, such as C57Black/6 and Balb/c, have been established and gene manipulations can be made to generate transgenic or knockout lines. Mice are also advantageous because they can be maintained in a specific pathogen-free or completely germ-free environment.
Despite their similarities, mice and humans belong to different orders (rodents and primates, respectively). This difference is not negligible and can be an issue in several immunological reactions (Mestas and Hughes 2004) . For example, the interleukin (IL)2/IL2 receptor system induces T lymphocyte proliferation through the same signaling pathway in both humans and mice. Although human IL2 can bind to both human and murine IL2 receptors with a similar affinity, murine IL2 cannot bind to the human IL2 receptor (Gillis et al. 1978) . Such murine-or human-specific ligand-receptor interactions have been also observed for other cytokines and interleukins. Immunologists also encounter species-specificity issues when they use antibodies in experiments. For example, most of the available anti-murine CD4 monoclonal antibodies do not recognize human CD4, and vice versa, anti-human CD4 antibodies do not usually recognize murine CD4. Species-specific antibodies are also available for other CD molecules. The species-specificity in ligand-receptor interactions and monoclonal antibodies reflects the difference in the amino acid sequence of homologous proteins between mice and humans.
Callithrix jacchus (the common marmoset) is a primate model organism (Mansfield 2003) . It has several experimental advantages when compared to other nonhuman primates such as its ability to easily breed in a laboratory setting. It does not transmit hazardous infectious agents and has a mild behavior. The common marmoset has become increasingly used in biomedical research in areas such as neuroscience, behavioral tor using the TA-cloning kit (Promega Madison, WI, USA). The cDNA insert was sequenced by the dideoxydye-terminator method.
Forward and reverse primers were created so that the length of the amplified product was approximately 500 nucleotides. For each gene of interest, five cDNA clones were isolated and sequenced. If any discrepancies between the sequences for a particular nucleic acid position arose, the nucleic acid most often found in that position was assigned to the final sequence. If the length of the cDNA was expected to be more than 500 nucleotides, multiple pairs of primers were designed to cover its entire length. The overlapping sequences were then assembled into a contiguous sequence.
Sequence analyses
The BLAST and SMART tools were used for the homology and domain analyses, respectively (MarchlerBauer et al. 2005; Letunic et al. 2006 ). The three dimensional structure of protein was predicted, using the PDFAMS (Ogata and Ueyama 2000) . The student's t-test was employed for statistical analyses.
RESULTS AND DISCUSSSION
We have chosen 30 immunity-related genes to study in C. jacchus (Table 1 ; Note that CD4, CD40LG, IGHG, IFNG and FASLG were not included in this study, since these sequences had been deposited at GenBank/NCBI by other groups). The chosen genes encode both membrane proteins and soluble factors. The cDNA sequence for each gene was determined in order to deduce the amino acid sequence of the open reading frame. Each sequence was registered at GenBank/NCBI and the accession number of each gene is shown in Table 1 . As for IGHM (immunoglobulin heavy chain, mu, constant region) and IGHE (immunoglobulin heavy chain, epsilon, constant region), we determined the sequences that corresponded to a constant region of the molecule but did not contain its variable portion. Since these two cDNA were partial, we did not register their sequences to the database.
The number of amino acids and the domain identity are conserved
The number of amino acid residues in each protein was calculated based on the nucleic acid sequence (Table 1) and was found to be nearly identical between the common marmoset, human and mouse (see Supplementary Table 2) . We also surveyed the domain architecture of each common marmoset protein by using the SMART and BLAST (PFAM) programs (Marchler-Bauer et al. 2005; Letunic et al. 2006) . The domain identity for each common marmoset protein was identical with its orthologous human and murine proteins (compare the domain composition shown in Table  1 with that in Supplementary Table 2 ). These findings suggest that the putative functions of the 30 common marmoset proteins examined are identical or similar with the known functions of their homologous human and murine proteins.
Amino acid sequence conservation
We next compared the amino acid sequence homology of the 30 proteins in the common marmoset, human and mouse. For each protein, the percentage of conserved amino acid residues between any two species was calculated. The degree of amino acid conservation between the common marmoset and human proteins ranged from 74% (CD86) to 98% (FCER1G, Fc IgE receptor gamma polypeptide) (Table 1 ) and the average for the 30 proteins examined was 86% (Table 2 ). In contrast, the average percentage of amino acid conservation between the common marmoset and the mouse was 60% whereas the human and mouse were 61% conserved. These percentages were significantly less than the 86% observed between common marmosets and humans ( p < 0.001, by a student t-test). Therefore, the common marmoset and human proteins are relatively close and have diverged from the mouse at approximately the same point.
Analysis of CD8A
To exemplify the above claim, we analyzed the amino acid sequence of CD8A in the three species in further detail. The amino acid sequence of CD8A between the common marmoset and human was 84% conserved, whereas between the common marmoset and mouse and between the human and mouse it was 43% and 40% conserved, respectively (Table 1 ). Fig. 1A shows the Domain composition was examined by SMART and BLAST (PFAM) tools. Abbreviations of domains are Ig, immunoglobulin; TM, transmembrane; IgV, immunoglobulin variable; FN3, fibronectin 3; IgC, immunoglobulin constant; CCP, complement control protein; TNFR, tumor necrosis factor receptor; int-alpha, integrin-alpha; VWA, von Villebrand factor type A; TNF, tumor necrosis factor; LINK, hyarulonan-binding; ITAM, immune-tyrosin activation motif. Three way comparisons of each protein was done using a BLAST tool. The values indicate the degree (%) of identical amino acid residues. The genes above and below the inserted line correspond to the diverged and conserved genes, respectively. Also, the genes indicated by artenisks are ligand-receptor pairs such as IL2 and IL2RA, IL4 and IL4R, IL5 and IL5RA, IL6 and IL6R, and IGHE and FCER1A. amino acid alignment and the characteristic motifs/domains found in human CD8A (Leahy et al. 1992 ) are indicated by bars. These domains include a signal peptide, 9 beta-strands (A to G), 3 complementary determining regions (CDR1 to CDR3), a hinge region, a transmembrane domain and a p56 lck -binding site. The beta-strands A-C′ and C″-G form beta sheets, whereas the CDRs do not have a rigid structure but rather form loose loops. The beta sheets and CDRs together constitute the immunoglobulin variable (IgV) region. The hinge region connects the IgV and transmembrane domains.
Each motif/domain of CD8A can be classified into three categories based on its degree of conservation/divergence between the three species. In the first category, the transmembrane domain and intracellular p56 lck -binding site were highly conserved between the three species. This is consistent with the notion that the transmembrane and intracellular domains evolve slowly compared to extracellular domains. The E, F and G strands were also highly conserved between the three species. In the second category, regions in CD8A including the signal sequence, the A, B, C, C′ and D strands and the CDR1 and CDR3 domains were well conserved between the common marmoset and human but distinct from the mouse. Existence and abundance of these secondly categorized motifs/domains is in line with the above described BLAST scores between the three species. The CDR2 was in the third category. The sequences of primates were drastically different from that of mouse (in this sense, the CDR2 resembles the motifs/domains of the second category), and yet those from common marmoset and human were distinct to some extent from each other (in this aspect, the CDR2 is distinct from the motifs/domains of the second category).
We simulated the three dimensional structure of the common marmoset CD8A protein with the prediction tool, PDFAMS (Ogata and Ueyama 2000) using the structure previously determined for the extracellular domain of human CD8A as a template (Leahy et al. 1992 ). The overall structure of common marmoset CD8A was quite similar to the human and mouse structures (data not shown). Interestingly, despite the divergence of amino acid sequences in this domain, the CDR2 had similar loop-like configurations in both the common marmoset and human (Fig. 1B) . In contrast, the loop predicted for mouse CDR2 was strikingly different from the primate structures of CDR2. Thus, the amino acid sequence in the third category can actually exhibit a feature of second category from the aspect of three dimensional structure. The less conseved genes include CD80, IL4, IGHE, CD8A, IL6, CD86, IL6R, FCER1A, CD2, IL4R and IL17F, whereas the highly conseved genes include the remaining 19 (see the inserted line in Table 1 ). A significant difference with the indicated p-value (by the student t-test) was detected for the bracket-indicated, pairwise comparison.
We also performed phylogenetic tree analysis of CD8A from various primates (Fig. 1C) . The CD8A from the common marmoset (a new world monkey) was distinct from the Catarrhini and mouse.
Non-uniform evolution of immunity-related genes
In Table 2 , the average percentage of amino acid conservation between the common marmoset and human was measured. We found that the standard deviation between the 30 genes was relatively low (± 5.5). This suggests that the degree of evolutional divergence between these two species does not heavily depend on the identity of the gene. In contrast, the standard deviation values between the common marmoset and mouse or between the human and mouse were as large as ± 13. Therefore, the extent of evolutional divergence from mouse to primates varies.
We crudely categorized the 30 genes into two groups (see the inserted line in Table 1) based on their conservation between species. The proteins above the inserted line were less than 60% identical between primates and mouse. The less conserved genes include CD80, IL4, IGHE, CD8A, IL6, CD86, , FCER1A (Fc IgE receptor, alpha polypeptide), CD2, IL4R (IL-4R alpha) and IL17F. As seen in Table 2 , the average number of amino acids that were identical between the common marmoset and mouse in this group were 45% ± 4.8 and whereas the percent identity between the human and mouse was 46% ± 5.5. These less conserved genes have diverged rather quickly from mouse to primates. The remaining 19 genes (below the inserted line in Table 1 ) were more highly conserved. The average amino acid identity in these proteins was 68% ± 7.1 between the common marmoset and mouse and 69% ± 7.5 between the human and mouse. These 19 genes appear to have diverged relatively slowly from mouse to primates. These findings suggest that these immunity-related genes evolve at non-uniform but unique rates.
The extent of conservation and/or divergence does not appear to be related to whether the protein is a membrane or soluble protein. For example, both CD44, a membrane protein, and TNF (TNF alpha), a soluble factor, were highly conserved. On the contrary, CD80, a membrane protein, and IL4, a soluble protein, were highly divergent. Furthermore, the conservation and/or divergence of a protein between species is not likely attributable to a particular domain in the protein. For example, immunoglobulin-like domains were detected in both the diverged (CD80, CD8A) and conserved (CD28, CD19) proteins.
Both IL4 and IL5 are Th2-type genes located in the same gene cluster. However, IL4 was highly divergent, whereas IL5 was conserved. IL4 has been previously shown to be highly divergent between the rat and the mouse, whereas IL5 was found to be conserved between these two species. The structure of CDR2 was predicted for the common marmoset (Y51 to G62) and mouse (Y61 to D72) using the known structure of human CD8A (Y51 to G62) as a template. The amino acids numbers in B represent those in the mature protein (a signal peptide has been cleaved off from the open reading frame). C: Phylogenetic tree analysis of CD8A from various primate species. The tree was constructed by Clustal X-aligning the multiple amino acids sequences and then joining the nearest neighbors. CD8A from the common marmoset (C. jacchus) is encircled by a broken oval line. The numbers represent the probability of neighbor-joining, where a high number is more likely to join. The sequence sources were XP_001138871 (P. troglodytes), NM_001768 (H. sapiens), P30433 (P. pygmaeus), XP_001092778 (M. mulatta), CAB41462 (S. sciureus), DQ189217 (C. jacchus) and XM_132621 (M. musculus). Mouse and rat IL5 are 93% identical, whereas IL4 is only 57% identical (Richter et al. 1990; Uberla et al. 1991) . This suggests that a physical link in the genome does not likely influence genetic diversity between related species. The factor(s) responsible for the non-uniform evolution of genes is not clear. Mice and primates live in very different ecological niches and encounter widely different pathogens. These environmental pressures may explain why immunity-related genes have evolved so heterogeneously.
Co-evolution of ligand-receptor pairs
Among the 30 genes examined, five ligandreceptor pairs were worth mentioning (see the genes indicated by asterisks in Table 1 ). For each pair, the degree of amino acid conservation between primates and mouse was quite similar. For example, IL6 and IL6R were both categorized as less conserved genes and were 41-43% and 46-47% identical, respectively. In contrast, IL5 and IL5RA were both categorized as highly conserved genes and were 65-69% and 68% identical, respectively. This data supports the hypothesis that the ligand and receptor genes have coevolved.
One of these ligand-receptor pairs, IL6 and IL6R, were investigated in more detail in Fig. 2A and B. The primates' IL6 was divergent from murine IL6 over the entire length of the protein. Likewise, the divergence in IL6R was not limited to the extracellular domain but extended throughout its cytoplasmic region (note that only the transmembranous region is highly conserved among the three species).
IL6, IL6R and IL6ST (gp130) together form a complex that is composed of 2 molecules each of IL6, IL6R and IL6ST. A crystal structure of this hexamer has been solved using humanderived proteins, and all three proteins interact directly with each other (Boulanger et al. 2003) . The IL6-IL6R interaction is mediated by a site I interface and is an initial step for hexamer formation. The amino acid residues that are required for the site I interface are indicated by asterisks in Fig. 2A and B. Many of these residues are known to be vital for this interaction based on a mutation study (Kalai et al. 1997 ). The amino acids required for the interaction are aligned in Fig. 2C . R179 in IL6 and Y230 and E278 in IL6R were conserved among the three species, whereas F74, K171 and Q175 in IL6 and F279 in IL6R were the same in the two primates but different in the mouse. Therefore, if IL6 and IL6R co-evolved from rodents to primates, the amino acid residues responsible for the protein-protein interaction would have also co-evolved.
Conclusion
In summary, each immunity-related gene appears to evolve with its own rate from rodents to primates, and yet those that specifically belong to a ligand-receptor pair are likely to co-evolve.
